The effect of Si addition was studied for the purpose of the improvement of microstructure of MgFe 2 O 4 particles prepared from a malic acid complex. There were no traces of any impurity phase in Si-doped and pure MgFe 2 O 4 powders both in XRD measurements. When Si atoms were doped to MgFe 2 O 4 , crystallite growth of MgFe 2 O 4 was remarkably suppressed, and the lattice volume increased up to 10 mol% Si monotonously. SEM observations revealed that MgFe 2 O 4 powders show a granulation shape such as the aragonite and each particle tightly interconnected each other, whereas smaller particles compared with pure MgFe 2 O 4 were observed for Si-doped MgFe 2 O 4 . Also, it was found that the amount of mesopore increases by Si doping. Further, XPS and XAS measurements suggested that Si atoms exist in MgFe 2 O 4 crystal.
Magnesium ferrite (MgFe 2 O 4 ) has useful characteristics such as thermal stability, n-type semiconductivity, soft magnetism, low dielectric loss, and so on. Therefore, MgFe 2 O 4 has attracted a considerable interest as a functional material in the wide range of applications, for example, catalyst, gas sensor, adsorbent, microwave device, fuel cell, drug delivery system, and photocatalyst.
1)10) In these applications, the synthesis of finer particles having high purity and high specific surface area is indispensable for the improvement of its function. MgFe 2 O 4 are synthesized generally from mixed oxides or carbonates by a solid-state reaction due to the ease and convenience. However, in a solidstate reaction, grinding and heating of starting materials must be repeated many times to prepare intended crystal phase at higher temperatures, resulting in bulky particles without microstructural characteristics.
As previously reported, we have found that MgFe 2 O 4 fine particles with high purity are obtained from organic acid complexes (citric, malic, and malonic acids).
11) Furthermore, MgFe 2 O 4 fine particles without any impurity were prepared only from a malic acid complex and ¡-Fe 2 O 3 was included in other cases. Although a single-phase of MgFe 2 O 4 fine particles could be obtained below 400°C in a malic acid complex method, the crystallite diameter of MgFe 2 O 4 increased greatly by sintering at higher temperature.
The purpose of this study is to prevent grain growth of MgFe 2 O 4 by the doping of Si. We have examined the preparation of Si-doped MgFe 2 O 4 powder and characterized them by X-ray diffractometry (XRD), X-ray photoelectron spectrometry (XPS), scanning electron microscopy (SEM), and X-ray absorption spectroscopy (XAS), and BET surface area measurement. Then, the effect of Si doping on the crystal phase, microstructure, and specific surface area of MgFe 2 4 , and malic acid were dissolved in the solvent (deionized water or ethanol). The molar ratio was set to Mg:Fe:Si:malic acid = 1:(2 ¹ x):x:3. The solution was dehydrated and heated on a hot plate set at 350°C to prepare the precursor powder of MgFe 2 O 4 . Then, the precursor was calcined in the temperature range of 400 to 800°C for 2 h in air. The heating ratio was set to 10°C min ¹1 in all cases. XRD measurement was carried out to analyze the crystal structure of prepared powder. XRD patterns were recorded with Cu-K¡ radiation and sweep rate of 2°min
¹1
. The specific surface area of the powder was measured from the adsorption isotherm of N 2 at ¹196°C by the BrunauerEmmettTeller (BET) method in the relative pressure range of 0.1¯p/p 0¯0 .3. 12), 13) The microstructural observation of the sample was performed by SEM. Chemical composition and bonding state were checked by XPS. Extended X-ray absorption fine structure (EXAFS) of Fe K-edge was measured by transmission method at SAGA-LS (BL06). The data analysis was processed using ATHENA and ARTEMIS, a suite of IFEFFIT software programs.
14) k 2 -weighted EXAFS data were Fourier transformed to k-space in the range of 3.015 ¡
. Figure 1 shows the XRD patterns of Si-doped (5 and 10 mol%) and pure MgFe 2 O 4 powders. These powders were calcined at 600°C for 2 h in air. There were no traces of impurity phases prepared from a malic acid complex. The lattice parameter of MgFe 2 O 4 obtained at 600°C was estimated to be a = 8.377 ¡ with a cubic spinel structure. The diffraction peaks intensity of 5 mol% Si-doped MgFe 2 O 4 decreased largely to a one-tenth of pure MgFe 2 O 4 without impurity phase. There is no distinct difference between 5 and 10 mol% Si-doped MgFe 2 O 4 samples. Figure 2 shows the relationship between the average crystallite size of the samples and the calcination temperature. The crystallite size was estimated from the full width at half maximum (FWHM) of the (311) diffraction peak at 2ª = 35°using the Scherrer's equation:
where is the wavelength of Cu-K¡ 1 Figure 4 presents SEM photographs for Si-doped and pure MgFe 2 O 4 powders after calcination at 600°C in air with high magnification. For pure MgFe 2 O 4 , the size of an identifiable primary particle is estimated approximately to be 20 nm, indicating that the value is at the similar level as the mean crystallite size obtained from the XRD measurement. In 5 and 10 mol% Sidoped MgFe 2 O 4 powders, we can observe small primary particles in comparison with pure MgFe 2 O 4 and those particle sizes also accord well with the XRD result as shown in Fig. 2 .
To make sure of the pore size distribution, the nitrogen adsorptiondesorption isotherms and the corresponding pore size distributions for Si-doped and pure MgFe 2 O 4 powder calcined at 600°C were measured as shown in Fig. 5 . In general, pore size of sample powders can be estimated using the Kelvin Eq. (2);
where £ is the surface tension of nitrogen at its boiling point (8.85 Applying to Eq. (3), pores in the range of 20 to 500 ¡ (mesopores) are equivalent to the relative pressure between 0.6 and 0.98. As shown in Fig. 5(a) , it is clear that the ratio of mesopore increases with the amount of Si and the differential pore volume of mesopore showed the maximum at 5 mol% Sidoped MgFe 2 O 4 . Furthermore, the hysteresis loops associated with capillary condensation were observed for all sample powders, as shown in Fig. 5(b) . The BET specific surface area (SSA) of pure and Si-doped MgFe 2 O 4 was calculated from their BET plot and The first peak at 1.5 ¡ corresponds FeO shell, which means the bond of Fe and nearest-neighbor oxygens. The second peak at 2.6 ¡ is ascribed to the distance between Fe at octahedral site and the equivalent position (B-B). On the other hand, the third peak at 3.0 ¡ ascribed to the distance between octahedral site and tetrahedral site (B-A). There was no change in intensity of the first peak, while the second and third peaks intensity reduced by Si addition. When amount of Si was 10 mol%, the third peak was weaker than the second peak. This result suggests that Si atoms occupied tetrahedral site and octahedral site both in a spinel structure. To make occupation site of Si doped in MgFe 2 O 4 clear, we are planning to perform XAS measurement for Si K-edge in the near future.
There were no traces of impurity phase in Si-doped and pure MgFe 2 O 4 powders in the XRD measurement. The crystallite growth was remarkably suppressed by Si doping. SEM observation revealed that MgFe 2 O 4 powder shows a granulation shape and each particle tightly interconnected each other. For Si-doped and pure MgFe 2 O 4 , the primary particle sizes in SEM images were consistent with the crystallite size calculated from XRD measurements. Also, it was found that the ratio of mesopore increases by Si doping and had a maximum value at 5 mol% Si. XPS measurement proved the chemical valence states of Si-doped and pure MgFe 2 O 4 . It seems that Si atoms doped to MgFe 2 O 4 were included in MgFe 2 O 4 lattice. Furthermore, Fourier transformed EXAFS spectra suggested that Si atoms occupied octahedral site and tetrahedral site in a spinel structure. 19) 
